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Abstract

Objective: Executive function (EF) deficits in patients with autism spectrum disorder (ASD) are ubiquitous and understudied.

Further, there are no effective, neuroscience-based treatments to address this impairing feature of ASD. Repetitive tran-

scranial magnetic stimulation (rTMS) has demonstrated promise in addressing EF deficits in adult neuropsychiatric disorders.

This article will outline the design of a novel randomized-controlled trial of bilateral, 20 Hz, rTMS applied to the dorsolateral

prefrontal cortex (DLPFC) for treatment of EF deficits in ASD that is currently ongoing. We describe prior therapeutic rTMS

research for ASD and prior rTMS trials targeting EFs in adult neuropsychiatric disorders. A neurophysiological rationale for

rTMS treatment of EF deficits in ASD is presented.

Methods: An ongoing protocol will enroll participants aged 16–35 with ASD and no intellectual disability. Psychotropic

medications will be continued during the 4-week trial of active 20 Hz versus sham rTMS applied to the DLPFC. Twenty,

active treatment sessions consisting of 25 stimulation trains at a 90% motor threshold will be administered. The primary

outcome measure is the Cambridge Neuropsychological Test Automated Battery (CANTAB) spatial working memory task.

At present, recruitment, enrollment, and treatment within the described clinical trial are ongoing.

Conclusions: EF deficits are common and impairing symptoms of ASD. There are no evidence-based treatments for EF

deficits in ASD. The protocol described here will provide important preliminary data on the feasibility and efficacy of 20 Hz

rTMS to DLPFC for EF deficits in ASD.
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treatment

Introduction

Autism spectrum disorder (ASD) is a lifelong neuropsychi-

atric disorder with potentially poor outcomes that affects *1%

of children (Lazoff et al. 2010). In the past decade, ASD admin-

istrative prevalence rates rose across several world regions, with

disproportionate increases seen for diagnoses among individuals

without comorbid intellectual disability (CDC 2012). As prevalence

rates for childhood ASD continue to grow, the need for effective

interventions that improve long-term outcome is becoming increas-

ingly important. A systematic review of intervention research for the

past 30 years recently indicated that the evidence base supporting
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interventions that can optimize the transition of teens with ASD to

adulthood is of poor quality (Lounds Taylor et al. 2012). For indi-

viduals aged 13–30 with ASD, there are few treatment options be-

yond medications with evidence of efficacy for treatment of

aggressive behaviors, and limited evidence for nonpharmacological

interventions targeting social skills and functional behavior based on

small, short-term studies (Lounds Taylor et al. 2012).

Although individuals with ASD without intellectual disability

can have good long-term outcomes, longitudinal data indicate that

less than 25% achieve functional independence, with respect to

independent living, employment, and maintaining relationships, as

adults (Howlin and Moss 2012). The years after the exit from high

school are a critical time for all young people when a negative

transition may pave the way for poor subsequent social and occu-

pational functioning (Rutter 1989). In individuals with ASD, the

exit from high school is a time of particular vulnerability when

easily available daily structured activity may be lost along with

school-based supports/resources, despite ongoing challenges with

social communication and reliance on others to help navigate un-

structured environments (Shattuck et al. 2011).

Perhaps unsurprisingly, the exit from high school coincides with

a time when improvements in ASD symptoms and problem be-

haviors may slow down (Seltzer et al. 2004). Although individuals

with ASD without intellectual comorbidity are more likely to be

competitively employed than those with intellectual disability, they

are also at a greater risk of having no daytime activities after high

school, highlighting the inadequacy of our current system to cul-

tivate the successful transition to adulthood for individuals with

ASD without intellectual disability (Taylor and Seltzer 2011).

Executive functions (EF) refer to the high-order cognitive

functions that are necessary to shift flexibly from one focus to

another (i.e., set-shifting/cognitive flexibility), control or regulate

behavior (i.e., response inhibition), and maintain and manipulate

information over a short period (i.e., working memory) (Pellicano

2012). Convergent findings indicate that individuals with ASD

without intellectual disability feature marked impairments on lab-

based measures of working memory and cognitive flexibility (Luna

et al. 2007; Eack et al. 2013). Measures of the effects of EF im-

pairments in everyday life indicate that individuals with ASD

without intellectual disability also have significant difficulties in

initiating, planning, organizing, following through, and monitoring

task performance in the real world (Gilotty et al. 2002; Rosenthal

et al. 2013).

EF impairments in ASD are strong predictors for poor adaptive

functioning in socialization and communication domains over

childhood and adolescence (Gilotty et al. 2002), and of poor overall

adaptive functioning in adulthood (Szatmari et al. 1989). Therefore,

EF deficits may be considered an important target for interventions

that are aimed at improving overall function and independence in

older youth and young adults with ASD without intellectual dis-

ability as they transition to adulthood.

Repetitive transcranial magnetic stimulation applied
to the dorsolateral prefrontal cortex as a promising
treatment intervention for EF deficits

Transcranial Magnetic Stimulation (TMS) is a unique tool that

allows for noninvasive stimulation of the cortex, with broad ap-

plications for research and therapeutic interventions in neuropsy-

chiatric populations (Barker et al. 1985; Croarkin et al. 2011). TMS

applied repetitively (i.e., repetitive TMS [rTMS]) involves the

stimulation of the cortex by a train of magnetic pulses in contrast to

single-pulse TMS in which the frequency of stimulation is less than

1 Hz (Wassermann et al. 1998). TMS can selectively activate or

inhibit the cortex by stimulating interneurons (Rothwell 1997) at

different frequencies, producing minimal discomfort (Croarkin

et al. 2011), and treatment effects. A number of rTMS protocols are

commonly implemented, including 1, 10, and 20 Hz, theta burst

stimulation, and paired associative stimulation protocols.

Central executive control is highly dependent on structural

and functional integrity of the dorsolateral prefrontal cortex

(DLPFC) (Brodmann Area, BA 9/46). A number of preliminary

studies indicate that high-frequency rTMS applied to DLPFC

improves EF performance measures of working memory, pro-

cessing speed, and cognitive flexibility, both in healthy partici-

pants and in individuals with neuropsychiatric disorders (e.g.,

major depressive disorder [MDD] and schizophrenia) (Vander-

hasselt et al. 2006a, 2006b; Vanderhasselt et al. 2007; Guse et al.

2010; Huang et al. 2012).

Recently, a randomized, double-blind, sham-controlled pilot

study in 27 adults with chronic schizophrenia (average duration of

illness = 18 years) found that high-frequency rTMS applied to

DLPFC substantially improved working memory performance with

a large effect size (Cohen’s d = 0.91) (Barr et al. 2013). In this pilot

study, participants with schizophrenia were randomized to receive

either active (20 Hz) or sham rTMS applied to the DLPFC for 4

weeks (5 days/week). Treatment was applied bilaterally in se-

quential order to DLPFC (Rusjan et al. 2010). The primary outcome

variable was change in performance accuracy on the verbal

working memory N-back task completed before and after rTMS

treatment. Working memory performance in individuals with

chronic schizophrenia was similar to that of healthy controls after 4

weeks of active rTMS (Barr et al. 2013). No significant adverse

events were reported during or after treatment.

Can rTMS be applied for treatment of EF deficits
in ASD?

Review of rTMS applications in ASD. Thus far, 10 pub-

lished studies have explored TMS as a therapeutic tool in small

samples of individuals with ASD without intellectual disability,

including seven open-label studies (Sokhadze et al. 2009, 2012,

2014; Baruth et al. 2010; E. Sokhadze et al. 2010; Casanova et al.

2014; Sokhadze et al. 2014). Of the open-label TMS studies, re-

ported primary outcomes focused on change in event-related

potentials (Sokhadze et al. 2009, 2012; Baruth et al. 2010;

E. Sokhadze et al. 2010; Casanova et al. 2014). Two of the seven

open-label studies found improved cognitive performance (reduced

errors and increased error monitoring on a selective attention task)

as a secondary outcome after weekly sessions of low-frequency

(1 Hz) rTMS to DLPFC for 12–18 weeks in individuals aged 9–21

years with ASD, compared with a non-intervention waitlist group

(Sokhadze et al. 2014a, b).

The other three small TMS studies in ASD that have used a

randomized controlled design did not target cognitive impairment

(Fecteau et al. 2011; Enticott et al. 2012, 2014). Of these, one

clinical trial administered a course of deep rTMS (i.e., >2 treatment

sessions) to 30 adults (18–59 years) with ASD and IQ >80 and

found, after active 5 Hz rTMS to the dorsomedial prefrontal cortex

at a resting motor threshold over 5 days per week for 2 weeks, that

treatment was tolerable (one dropout from sham and one from the

active condition) and social relatedness improved in the active

group compared with the sham-controlled group (Enticott et al.

2014).
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rTMS safety, efficacy, and tolerability considerations

rTMS is generally regarded as safe, without lasting adverse ef-

fects. Inadvertent induction of a seizure is the most important po-

tential neurophysiologic safety concern (Rossi et al. 2009). With the

adoption and widespread use of recommended safety guidelines,

the risk for rTMS-induced seizures is estimated at *0.01%–0.1%,

compared with 0.7%–0.9% for spontaneous seizures in the general

population, and 0.1%–0.6% for those with antidepressant treatment

(Milev et al. 2016). Positive efficacy and safety profiles for rTMS

applied to DLPFC have led to its approval for treatment of MDD by

Health Canada and treatment-resistant depression by the U.S. Food

and Drug Administration (FDA). A number of studies have now

extended applications of rTMS to youth (<18 years) with attention-

deficit/hyperactivity disorder, Tourette’s syndrome, mood disor-

ders, schizophrenia, and ASD (Croarkin et al. 2011). A recent re-

view of rTMS studies conducted in 9–26 year-olds indicates that

rTMS has a favorable treatment profile with respect to safety, ef-

ficacy, and tolerability, highlighting that: (i) rTMS was very well

tolerated, with few adverse effects reported; (ii) in those who did

report side effects, transient headaches and scalp discomfort were

the most common and were mild to moderate in intensity; (iii)

treatment discontinuation rates were low; and (iv) no patients ex-

perienced seizures after treatment (Croarkin et al. 2011).

Though relatively few patients with ASD have participated in

TMS protocols (<500), no seizures have been reported in any

published study and the frequency and quality of reported side

effects (transient and mild overall) are consistent with those seen in

adolescents and adults with other neuropsychiatric disorders

(Oberman et al. 2015).

Rationale for extending success by using rTMS for EF
deficits in schizophrenia to ASD

High-order cognitive functions, such as EFs, are reliant on

neural network oscillations in the gamma (c) frequency (30–80 Hz)

band (Lewis et al. 2005). It has been proposed that GABA inhibi-

tory interneurons in the DLPFC contribute to the synchronization

of pyramidal neurons that is necessary for EF performance. Im-

paired GABAergic neurotransmission within the DLPFC has been

linked with altered gamma oscillatory activity and working mem-

ory deficits in schizophrenia (Farzan et al. 2012). Active rTMS

treatment has been shown to modulate gamma oscillatory activity

within the DLPFC in both healthy individuals (Barr et al. 2009) and

patients with schizophrenia (Barr et al. 2011; Farzan et al. 2012)

who have demonstrated improved EF performance after rTMS.

These results indicate that rTMS effects on EF performance are

likely mediated through modulation of gamma oscillations within

the DLPFC.

GABAergic impairment, altered DLPFC activation
and connectivity, and potential to target DLPFC
to treat EF impairments in ASD

Direct comparisons have found similar degrees of EF impair-

ment across adults with ASD without intellectual disability, as

found in schizophrenia (Schneider and Asarnow 1987; Goldstein

et al. 2002). As in schizophrenia, postmortem data showing re-

ductions in GABA receptor subunit expression (Casanova et al.

2003; Fatemi et al. 2009a, 2009b), and SPECT studies showing

reduced GABAergic neurotransmission (Harada et al. 2011; Mori

et al. 2012) have indicated that the prefrontal GABAergic system is

suppressed in ASD. Further, as in schizophrenia, neuroimaging

studies have found an altered DLPFC structure and reduced DLPFC

activation and connectivity during EF tasks in individuals with

ASD who feature EF deficits (Koshino et al. 2005; Just et al. 2007).

Preliminary neurophysiological studies using combined TMS-

electromyography (TMS-EMG) or TMS-electroencephalography

(TMS-EEG) have further indicated that impaired cortical inhibition

(Enticott et al. 2010) and altered gamma oscillatory activity are

present during EF task performance in ASD (Sokhadze et al. 2009;

Baruth et al. 2010) in a pattern that is very similar to schizophrenia

(Rogasch et al. 2014).

Although rTMS has yet to be used specifically to treat EF deficits

in ASD, preliminary work in ASD indicates that rTMS applied to

DLPFC can modulate gamma oscillatory activity (Baruth et al.

2010) and improve performance monitoring on a visual attention

task (Sokhadze et al. 2012). As EF impairments in ASD are similar

to those found in schizophrenia, and are linked to alterations in

DLPFC function and connectivity (Koshino et al. 2005; Just et al.

2007), the same biological treatments targeting the DLPFC may

improve EF performance in both conditions.

Here, we present the protocol for an ongoing randomized,

double-blind, sham-controlled study of rTMS applied bilaterally

to DLPFC for 4 weeks (5 days/week) for treatment of EF deficits in

older youth and young adults with ASD. We use the same rTMS

protocol that brought about EF improvements in adults with schizo-

phrenia (Barr et al. 2013). We will also leverage our controlled study

design to improve our understanding of the biological mechanisms

of rTMS treatment by conducting high-resolution magnetic reso-

nance imaging (MRI) both immediately before the treatment trial

and immediately after the completion of treatment (‘‘pre/post’’

treatment imaging).

The objectives of our ongoing rTMS clinical trial are to: evaluate

the efficacy of rTMS as a treatment for EF deficits in ASD; to

determine whether rTMS results in structural and functional brain

changes within regions that are important for EF performance

compared with sham rTMS. We hypothesize that rTMS will be well

tolerated in individuals with ASD, that DLPFC targeted treatment

will bring about improvements in spatial working memory per-

formance in our active compared with the sham-controlled group,

and that changes in DLPFC structure/function will be seen after

rTMS, including changes to DLPFC thickness and functional ac-

tivation (at rest and during completion of a visuospatial N-back

fMRI task), white matter anisotropy in tracts that connect the

DLPFC, and magnetic resonance spectroscopy-measured GABA

concentrations within the DLPFC.

Methods

Our ongoing clinical trial examining the efficacy of rTMS for

treatment of EF deficits in ASD uses a randomized, double-blind,

sham-controlled study design. Participants are recruited from Child,

Youth and Family and Adult ASD services at the Centre for Ad-

diction and Mental Health (CAMH), community clinics and agen-

cies providing services for individuals with ASD, and through

advertisements at local colleges and universities. Interested partici-

pants are initially provided information about the study and pre-

screened for eligibility based on age, presence of ASD diagnosis,

perceived EF difficulties, verbal fluency, absence of any personal

history of seizures, or history of seizure disorder in first-degree rel-

atives. After an initial screening, participants are invited to attend an

in-person assessment to determine/confirm eligibility for the study.

The overall recruitment goal for the ongoing rTMS clinical trial

is N = 40 participants, randomized to active versus sham rTMS
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(N = 20 participants/arm). Participants are individuals with ASD

without intellectual disability (confirmed by the Wechsler Adult

Intelligence Scale-Fourth Edition [WAIS-IV]) (age 16–35 years)

(Benson et al. 2010) demonstrating significant EF deficits in ev-

eryday functioning. A previous diagnosis of ASD is confirmed by a

psychiatrist with specialty training in child and youth psychiatry

(SA) and extensive clinical and research training in the evaluation,

care, and application of clinical-research methods in individuals

with ASD. Confirmation of the presence of an ASD diagnosis in

interested participants is supported by review of prior clinical as-

sessments, confirmation of the presence of symptoms that are sig-

nificant for an ASD diagnosis based on evaluation using the Autism

Diagnostic Observation Schedule-II (ADOS-II) (Module 4) (Lord

et al. 2000), and information gathered during a clinical interview/

assessment that also confirms clinical stability (i.e., no active risk

of harm to self or others based on the absence of active suicidal or

homicidal ideation and absence of history indicative of significant

risk for aggression).

Participants are fluent in the English language, are verbal,

competent to consent based on ability to provide a spontaneous

narrative description of the key elements of the study, and have no

prior history of seizures. Participants who are excluded from the

rTMS clinical trial include: individuals with a history of substance

abuse or dependence in the past 6 months or a positive urine tox-

icology screen; those who have a concomitant major medical or

neurologic illness, have had a seizure in the past, or first-degree

relative with epilepsy, are pregnant or likely to get pregnant during

the 4-week trial, are on benzodiazepines >2 mg equivalent of

Lorazepam or anticonvulsant medication (Hoffman et al. 2003),

have had a history of rTMS treatment, or are not able to commit to

the rTMS study protocol. Participants are withdrawn from the

rTMS study if they: demonstrate a failure to tolerate the procedure,

develop any significant adverse events (e.g., seizure or seizure-like

activity), withdraw consent, miss any more than two rTMS treat-

ment sessions in a row or miss any more than four sessions in total,

become clinically unstable and the principal investigator believes

that for safety reasons (i.e., potential for harm to self or others) the

patient should be withdrawn from the study protocol.

All psychotropic medications are continued during the trial;

however, no changes are allowed from 4-weeks before randomi-

zation until the end of the trial. All participants provide written,

informed consent before participation. The study has the approval

of the local institutional review board for human subject research

protection (CAMH, Toronto, Canada).

Baseline clinical, functional, and cognitive assessment
before rTMS treatment

The ADOS-II (Lord et al. 2000) is administered to all partici-

pants to confirm diagnosis of ASD. The WAIS-IV is used to assess

cognitive level (Benson et al. 2010). The Behavior Rating In-

ventory for Executive Function (BRIEF for participants 16–18, or

BRIEF-A, adult version for participants ‡18) is used to confirm the

presence of clinically significant impairment on everyday tasks

requiring executive functioning skills, based on a T score above 65

on any sub-scale. The Vineland Adaptive Behavior Scale-II

(VABS-II), which can be used in very young individuals and up to

those aged 90 (Sparrow and Cicchetti 1985), is used to assess

adaptive functioning. Comorbid psychiatric disorders are assessed

by using the Mini International Neuropsychiatric Interview (MINI)

(‡18 years) or the Mini International Neuropsychiatric Interview

for Children and Adolescents (MINI-KID) (16–18 years).

The Cambridge Neuropsychological Test Automated Battery

(CANTAB, www.cambridgecognition.com) Spatial Working

Memory task, for use in individuals 4–90 years of age, is a computer-

administered cognitive battery that has been reliably used to assess

EFs in ASD (Ozonoff et al. 2004). This measure was chosen as the

primary outcome measure for the ongoing rTMS clinical trial as: (1)

impairment in spatial working memory assessed using this measure

appears to be stable across children and youth with ASD without

intellectual disability (Chen et al. 2016), (2) spatial working memory

is associated with bilateral DLPFC activation using rTMS (Owen

et al. 2005), and (3) working memory has been shown to be re-

sponsive to rTMS in healthy controls and other clinical groups, in-

cluding the rTMS study in schizophrenia using the same treatment

protocol (Barr et al. 2013) as administered here in ASD.

The CANTAB Spatial Working Memory task (*8 minutes) is a

self-ordered search task where participants search for tokens hidden

inside colored squares and must remember which boxes have al-

ready been searched. The number of items to be searched increases

from two to eight, reflecting increased difficulty (spatial working

memory load). Errors made in this task include touching boxes

already found to be empty in the same trial, or boxes already found

to contain tokens. Outcome measures include the number of search

strategies used in 6- and 8-box trials (strategy utilization) and the

total number of errors in 4-, 6-, and 8-box trials (total errors).

The BRIEF self-report was chosen as a secondary outcome

measure for the ongoing rTMS clinical trial. The BRIEF (validated

for use in those <18 years) and BRIEF-A (validated for use in those

‡18) has demonstrated evidence of reliability, validity, and clinical

utility as an ecologically sensitive measure of EFs in healthy ado-

lescents and adults and in a range of conditions, including in indi-

viduals with ASD (Gilotty et al. 2002). This self-report measure

assesses EF behaviors in everyday (school/home/work) environ-

ments and provides eight scales of real-world executive functioning

(inhibit, shift, emotional control, initiate, working memory, plan/

organize, organization of materials, task monitor). Two broader in-

dices are computed by using subsets of the eight scales: the behav-

ioral regulation index (based on inhibit, shift, emotional control, self-

monitor scales) and the meta-cognition index (working memory,

plan/organize, organization of materials, monitor); an overall Global

Executive Composite score is also provided. On the BRIEF, T scores

between 50 and 65 are in the borderline range and T scores >65 are in

the clinically significant range and indicative of impairment.

Additional CANTAB EF measures are also collected in the

ongoing rTMS clinical trial, including the intradimensional/extra-

dimensional set shift task of cognitive flexibility and the stop sig-

nal task measuring response inhibition. Trained raters that are

blind to treatment allocation assess all outcome variables for the

clinical trial.

Study procedures

The ongoing clinical trial utilizes a randomized, double-blind,

sham-controlled design comparing active (20 Hz) and sham rTMS

applied 5 days per week for 4 weeks bilaterally to DLPFC in older

youth and young adults with ASD. Each rTMS treatment session lasts

*30–45 minutes. EF performance measures, as described earlier

(CANTAB and BRIEF), are administered at baseline and immedi-

ately after trial completion. All participants enrolled in our ongoing

rTMS clinical trial are asked to return for repeat cognitive assessments

at 1 month, 6 months, and 1 year after trial completion, to monitor for

adverse effects and to determine whether there is any lasting effect of

rTMS treatment on EF performance (Hoffman et al. 2003).
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Participants in the ongoing clinical trial undergo MRI-based

structural and functional neuroimaging at two time-points: before

commencing rTMS treatment and immediately after the

4-week rTMS trial. Pre-/post-rTMS MRI acquisitions include:

structural MRI, diffusion imaging, resting-state functional MRI,

functional MRI during performance of a spatial working memory

task, and a magnetic resonance spectroscopy sequence allowing for

indirect measurement of GABA within the DLPFC immediately

after the 4-week rTMS trial.

Before commencing the first rTMS treatment session, partici-

pants are randomized to active versus sham rTMS treatment by

using a computer-generated list based on a stratified randomization

scheme and using a permuted block method with a random number

generator. The technician who administers the rTMS intervention is

the only person aware of the group (active vs. sham) assignment

(Schulz and Grimes 2002). Study investigators, clinical/cognitive

raters, and participants are blind to the treatment condition. Integrity

of our blinded treatment assignment is assessed after the first rTMS

treatment session, at which time the participants are asked whether

they think they received active versus sham stimulation. A semi-

structured clinical interview is administered after each rTMS treat-

ment session to assess for any adverse effects and the general ex-

perience of rTMS.

The ongoing clinical trial study protocol conforms to the inter-

national Consolidated Standards of Reporting Trials (CONSORT)

guidelines and is registered in clinicaltrials.gov (ID: NCT02311751),

an international clinical trial registry. See Figure 1 depicting rTMS

study workflow and timing for study procedures.

rTMS treatment

Intensity and frequency. In the ongoing clinical trial, the

resting motor threshold is determined according to previously

published methods (Daskalakis et al. 2006) before the com-

mencement of the treatment course. Active treatment is delivered at

a 90% resting motor threshold intensity. Stimulation is adminis-

tered at 20 Hz with 25 stimulation trains of 30 stimuli each with an

inter-train interval of 30 seconds at equivalent stimulation param-

eters (Barr et al. 2013). These parameters are consistent with cur-

rent safety guidelines (Wassermann 1998). Treatment is applied

bilaterally to either left or right and then right or left DLPFC at each

rTMS session, based on random sequence assignment. The order of

bilateral stimulation is held constant for all 20 treatments. The

stimulation of the subsequent hemisphere is administered imme-

diately after the stimulation of the first hemisphere. Advanced

neuronavigation methods are used to target rTMS to the DLPFC

after a T1-weighted MRI scan with a stimulation site: Talairach (x,

y, z) = (-) 50, 30, 36; that is, BA 9 and superior section BA 46, using

the Ascension MINIBIRD/MRIcro/MRIreg package according to

published methods (Rusjan et al. 2010).

In the active rTMS treatment arm, stimulation occurs between

two points (posterior and anterior middle frontal gyrus, a stimula-

tion area of *2 cm in diameter) at a high intensity to ensure

stimulation over both regions (Cohen et al. 1990). To target this

region (BA 9/46), seven vitamin E capsules are attached to the scalp

surface before MRI acquisition (inion, nasion, right/left mastoid

process, hairline, midpoint of a line from the tragus of the ear to the

external canthus of the eye on right and left sides). These capsules

serve as localizers for subsequent probe registration and coil place-

ment based on a 3D reconstruction of the subject’s MRI. The probe

on the subject’s scalp is tracked on the rendered brain volume with a

1 mm spatial resolution. These techniques have been effectively

applied to locate sites of stimulation in rTMS investigation of cog-

nitive function (Barr et al. 2009). In the sham rTMS treatment arm of

our ongoing clinical trial, a single-wing tilt position producing

contraction of scalp muscles with minimal direct brain effects (Barr

et al. 2009) is used (same parameters and site as active condition).

Participants receive a total of 20 treatments in each condition

(5 days per week, 4 weeks in total). TMS protocols vary based on:

location, intensity and frequency of stimulation, and number and

frequency of sessions. TMS parameters for the current trial were

chosen to be identical to those found to improve working memory

performance in the published pilot study in schizophrenia (Barr

et al. 2013) and supported by a recent meta-analysis in >300 adults

(Brunoni and Vanderhasselt 2014) and a study of depressed ado-

lescents (14–18 years) (Wall et al. 2013), indicating that high-

frequency rTMS to DLPFC has the potential to improve cogni-

tion across healthy controls, depressed adults/adolescents, and in

schizophrenia.

Proposed analysis

After completion of our ongoing clinical trial, we will conduct

an intent-to-treat (ITT) approach to assess the efficacy of rTMS in

FIG. 1. rTMS study workflow. rTMS, repetitive transcranial magnetic stimulation.
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improving working memory. Our ITT analysis will include all

randomized participants who complete at least one rTMS session.

We will conduct additional analyses in participants who complete

the study protocol. Baseline demographic and clinical character-

istics will be compared for the active and sham rTMS groups. The

change in CANTAB spatial working memory scores—that is, pre-/

postscore differences—will be the main outcome measure in a

mixed-effects regression model. Additional exploratory evalua-

tions will examine treatment-attributable changes in BRIEF (ev-

eryday EF) scores and additional CANTAB EF measures

(significance set at p < 0.05 for all). Adverse event rates will be

compared between study groups.

The current sample size of the ongoing clinical trial was chosen

based on the effect size of the mean change difference in working

memory performance between active and sham groups set at Co-

hen’s d = 0.9 based on the pilot study in individuals with schizo-

phrenia that this study is modeled after (Barr et al. 2013). Power

calculation shows that 16 subjects in each group would be required

to achieve 80% power to detect a difference of this magnitude. With

our proposed sample size of 40 subjects (n = 20 in each group), we

will have >85% power to detect this size of difference between

groups. We estimate a potential dropout rate of *20% based on

dropout rates for the pilot study in schizophrenia utilizing the exact

same rTMS parameters (Barr et al. 2013) and the prior double-blind

sham-controlled 2 week rTMS study in adults with ASD, which had

a very low (<5%) dropout rate (Enticott et al. 2014).

Discussion

There are currently no evidence-based interventions available to

treat EF deficits in ASD. Recent reviews indicate that pharmaco-

logical treatment studies have largely focused on treating core ASD

symptoms (e.g., repetitive behaviors) and co-morbid aggressive/

self-injurious behaviors (Ameis et al. 2013). Atypical antipsy-

chotics, such as risperidone and aripiprazole, the only FDA-

approved medications for use in ASD, are often used to target these

behaviors. These medications have many potentially serious side-

effects and do not address EF impairments (Lounds Taylor et al.

2012; Ameis et al. 2013).

The present study is the first to assess the efficacy of using rTMS

applied to DLPFC as a treatment intervention for EF deficits in

ASD. It is anticipated that participants in our sample will display

significant impairment in multiple domains of everyday function-

ing that require EF skills as well as adaptive function impairments.

To our knowledge, the current study will be the largest randomized

controlled trial testing rTMS in the ASD population.

In the current study, we will also combine our rTMS clinical trial

with a comprehensive pre-/posttreatment neuroimaging protocol

whereby neuroimaging is conducted at two time-points: immedi-

ately before (‘‘pre’’) rTMS treatment begins and immediately after

(‘‘post’’) our 4-week rTMS trial. The advent of sophisticated

neuroimaging techniques coupled with the growing realization of

the brain’s extraordinary plasticity, even in disease states, have led

to several reports of structural brain changes after pharmacological,

behavioral, and brain stimulation interventions over shorter, simi-

lar, and longer durations than the length of our intervention (i.e., 4-

weeks) (Pajonk et al. 2010; Bezzola et al. 2011; Falkai et al. 2013).

This approach can: (i) provide an explanatory neural mechanism

for rTMS treatment efficacy and (ii) potentially identify biomarkers

of treatment response.

Our current study provides us with a valuable opportunity to test

the relationship between brain structure and function, EF perfor-

mance, and EF improvement after rTMS and to explore whether

changes in brain structure and function after active (vs. sham)

rTMS may provide a biological mechanism for treatment efficacy

in ASD.

Conclusion

At its conclusion, our rTMS clinical trial will be well positioned

to determine whether rTMS treatment holds promise for im-

provement of EF deficits in ASD. A number of important factors

need to be considered after the completion of our study and with

respect to future rTMS clinical trial designs. First, we are using

high-frequency stimulation, which may have sensory and tolera-

bility implications, particularly in a population where hypersensi-

tivity to sensory stimuli is often present. Second, our study includes

the need for participants to be able to commit to a 5-day per week,

4-week treatment trial. This intense schedule may limit our re-

cruitment to participants who are not working or attending school

and may present practical challenges with respect to future efforts

to scale up our research to change clinical practice. On the other

hand, participation in the current trial involves contact with sup-

portive research staff daily over 4 weeks; thus, the social aspects of

participation in the current study will also need to be considered

with respect to treatment adherence and unintended (and poten-

tially) therapeutic factors.

Future studies will need to test whether shorter courses of rTMS

may also improve EF deficits in this population. An important

advantage of our study design is the incorporation of longitudinal

follow-up at 1-month, 6-months, and 1-year after the 4-week rTMS

trial. This design will provide valuable information regarding the

potential duration of treatment effects and the need for future re-

search to incorporate ongoing intervention in the form of rTMS

booster sessions or combination treatments, such as rTMS paired

with cognitive interventions, to improve treatment effects, duration

of effects, and potential generalization of effects to everyday life.

Clinical Significance

There are few evidence-based interventions that have been

proved to improve outcomes in young people with ASD. If our

study indicates that rTMS applied to DLPFC has efficacy as a novel

intervention for EF deficits in ASD, it will provide the rationale to

undertake a large-scale efficacy trial in this population, a critical

step for changing clinical practice. By leveraging our rTMS clinical

trial to acquire pre-/posttreatment neuroimaging measures, we will

be able to track the effects of active versus sham rTMS on brain

structures that are essential for EF performance across the duration

of our study and begin to examine the neural mechanisms for rTMS

treatment efficacy. Incorporation of longitudinal follow-up will

provide insights regarding the need for ongoing intervention to

maintain treatment effects.
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